Intracellular parasites can alter the cellular machinery of host cells to create a safe haven for their survival. In this regard, microsporidia are obligate intracellular fungal parasites with extremely reduced genomes and hence, they are strongly dependent on their host for energy and resources. To date, there are few studies into host cell manipulation by microsporidia, most of which have focused on morphological aspects. The microsporidia Nosema apis and Nosema ceranae are worldwide parasites of honey bees, infecting their ventricular epithelial cells. In this work, quantitative gene expression and histology were studied to investigate how these two parasites manipulate their host's cells at the molecular level. Both these microsporidia provoke infection-induced regulation of genes involved in apoptosis and the cell cycle. The up-regulation of buffy (which encodes a pro-survival protein) and BIRC5 (belonging to the Inhibitor Apoptosis protein family) was observed after infection, shedding light on the pathways that these pathogens use to inhibit host cell apoptosis. Curiously, different routes related to cell cycle were modified after infection by each microsporidia. In the case of N. apis, cyclin B1, dacapo and E2F2 were up-regulated, whereas only cyclin E was up-regulated by N. ceranae, in both cases promoting the G1/S phase transition. This is the first report describing molecular pathways related to parasite-host interactions that are probably intended to ensure the parasite's survival within the cell.
Introduction
Parasitism is a type of biological interaction between organisms of different species whereby the parasite benefits at the expense of the host. Host cells have developed a defense machinery to resist pathogen invasion and replication. In order to limit pathogen growth, these systems include mechanism such as the fusion of phagolysosomals, the production of reactive oxygen and reactive nitrogen intermediates, nutrient sequestration or cell suicide (apoptosis) in order a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Here we explore how intracellular parasites manipulate their host cell environment at the molecular level by studying quantitative gene expression in tissues following infection of honey bees with the both Nosema species. Our aim was to study the modifications that infection by these parasites produces in the process of host cell cycle and in the apoptosis by determining the expression of genes involved in the pathways related with these events. In parallel, we used TUNEL (Terminal deoxynucleotide transferase mediated X-dUTP nick end labelling) to assess the rate of apoptosis in these infected tissues after induction.
Materials and methods

Experimental infection
Honey bees used in this work were collected from experimental colonies located at "Centro de Investigación Apícola y Agroambiental-IRIAF". No permits for the use of bees were required and the field studies did not involve endangered or protected species. A frame with capped brood of A. mellifera iberiensis worker bees was taken from a Nosema-free colony and maintained in an incubator at 35˚C until the bees emerged [18, 19] . Newly emerged worker bees were carefully removed from the frame, confined to cages and kept in a different incubator for five days at 33˚C. Individual bees were infected as described previously [18] , using 2 μl of water containing 100,000 N. ceranae or N. apis spores. Spores were Percoll-purified and confirmed as single species by PCR [20] . Uninfected control bees were fed with 2 μl of water alone. In total, 25 bees were included in each group (N. apis, N. ceranae and Control). Ten days after infection 15 bees per group were treated with 2 μl of 2% cycloheximide solution (Sigma C7698; 94% purity), as an apoptosis inducer by death receptors [21] , while the remaining 10 bees for each group were not treated with cycloheximide. The full experimental design is shown in Table 1 . In this way, a total of 6 experimental groups were established as follows: A-group experimentally infected with N. apis; AH-group experimentally infected with N. apis and treated with cycloheximide; C-group experimentally infected with N. ceranae; CH-group experimentally infected with N. ceranae and treated with cycloheximide; T-Control, bees not infected with Nosema sp.; TH-Control, bees not infected with Nosema sp. but treated with cycloheximide.
Gene expression study
The bees studied (Table 1) were killed by freezing in liquid nitrogen on day 11 post infection and they were stored at -80˚C until use. The ventriculus (infection target tissue) and rectal ampoule (rectum) were individually separated by dissection of each bee and stored in different tubes. Ventriculi were used to study the gene expression and they were stored in RNAlater (Qiagen 76106). The ampoules were used to confirm Nosema infection in each bee or the uninfected state of the control bees.
The RNA from each ventriculus was extracted individually using the RNeasy Tissue Kit (Qiagen) following the Purification of Total RNA from Animal Tissues protocol with on-column DNase digestion (DNase, Qiagen GmbH). Reverse transcription of RNA to cDNA was performed using the QuantiTect RT Kit (Qiagen GmbH).
The candidate genes related with A. mellifera homeostasis (cell cycle, mitochondria activity, apoptosis and hormones; S1 Table) and the house-keeping (HK) genes were selected from the sequences available at GeneBank (http://www.ncbi.nlm.nih.gov/nuccore). Specific primers and TaqMan 1 probes were designed using the Primer express (Applied Biosystems) software and the theoretical specificity was checked using the Basic Local Alignment Search Tool (BLAST) at GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The efficiency of each reaction to study the gene regulation was determined by analyzing serial cDNA dilutions.
Selection of housekeeping genes. Four A. mellifera HK genes (GAPDH, EF, β-Actin and 18S; S1 Table) were evaluated to select the most appropriate ones for analysis [22] . To determine the stability of expression (M) of the selected reference genes in the honeybee tissues studied (ventriculi), the four HK genes were analyzed in duplicate in all the samples and the Ct values were subsequently determined with the geNorm software [23] . The two most stable genes (lowest M value) were EF and β-Actin and they were selected as the HK genes for the subsequent analysis of expression.
The relative expression for each gene was calculated using the Relative Expression Software Tools: REST MCS-version 2 (http://www.gene-quantification.de/download.html) and REST 2009-version 2.0.13 (Qiagen GmbH), which use the pair wise fixed reallocation randomization test [24, 25] . All the groups infected with either N. apis or N. ceranae (irrespective of the treatment with cycloheximide) were compared with the uninfected control groups using this software and the efficiency of every reaction was taken into account as recommended elsewhere [24] . The level of significance for determining the up or down regulation for each gene was also determined using this software.
Real-time quantitative PCR. All real-time quantitative PCR reactions were performed using the 7900 HT Sequence Detection System (Applied Biosystems). To assay expression, each 25 μl reaction contained 0.625 U of Taq (TaqMan Gold/Buffer A Pack, cod. 4304441, Applied Biosystems), 10 μl of diluted cDNA (1/100), 300 nM of each primer and 100 nM of each TaqMan probe. The PCR program involved an initial 2 minute incubation at 50˚C, a 10 minute denaturation step at 95˚C and 40 cycles of 15 seconds at 95˚C and a 1 minute of annealing at 60˚C. All the cDNA samples obtained after extraction from each bee were run in duplicate. Negative controls for DNA extraction, reverse-transcription and real-time PCR steps were also included. The Ct values were recorded for each gene studied in every sample and the average of the two replicates was calculated.
Nosema spp. infection checking. The success of Nosema infection was determined using real-time PCR in honey bee rectal ampoules, given that this part of the bee gut stores the microsporidia spores until their exit in the faeces. DNA was extracted from the ampoules that had been separated from the ventriculi using the DNeasy tissue protocol (Qiagen GmbH) and it was collected individually in microcentrifuge tubes (one bee per tube) before analyzing it by realtime PCR and TaqMan 1 chemistry. The primers and probe sequences are shown in S2 Table. Virus detection. In order to check the exposure of the bees to other naturally acquired and relevant pathogens, the presence of virus was also analysed in the cDNA (5 μL) from each bee in every group (A, AH, C, CH, T and TH). For each group, 10 μL of the mixture was analysed in duplicate for the presence of Kashmir bee virus (KBV), acute bee paralysis virus (ABPV), black queen cell virus (BQCV), chronic bee paralysis virus (CBPV), Deformed wing virus (DWV) and Israeli acute paralysis virus (IAPV) in duplicate. When a virus was detected in any group, all the bees from that group were individually analysed. The sequences of the primers and probes used are shown in S2 Table. Histology (TUNEL assay)
Five Bees from the cycloheximide treated groups (AH, CH and TH) were analysed histologically, to evaluate the effect of microsporidia infection in bees exposed to this strong inducer of apoptosis. The alimentary canal and other tissues (ventriculum with the Malpighian tubules attached, the small intestine and the rectum) were removed from the bees, divided into sections and fixed in 10% buffered formalin before they were paraffin embedded. The TUNEL (Terminal deoxynucleotide transferase mediated X-dUTP nick end labelling) assay was performed on 5 μm thick sections to quantify apoptosis, as described previously [26, 15] . Briefly, tissue sections were deparaffinised and rehydrated through an ethanol series before rinsing in phosphate buffered saline (PBS). The tissues were then treated with Proteinase K (20 μg ml-1, 15 min, room temperature) and then with 0.1% (w:v) Triton X-100 in PBS (10 min). Subsequently, the sections were incubated for 1 h at 37˚C in the dark, using a humid chamber and the In situ Cell Death Detection Kit (Roche) according to the manufacturers' instructions. The sections were then washed with PBS and mounted in Vectashield (Vector Labs) containing DAPI (Sigma) at a final concentration of 1 μg/ml, to label all the cell nuclei (blue). The sections were examined on an Olympus BX61 epifluorescence microscope equipped with filter sets for fluorescence microscopy: ultraviolet (UV, 365 nm, exciting filter UG-1). Photographs were obtained with a digital camera Olympus DP50 and processed using the Adobe PhotoShop 7.0 software (Adobe Systems). Uninfected bees and no treated with cycloheximide were used to determine the basal apoptosis (Basal control) just to show the natural apoptosis in the tissue. Cells undergoing apoptosis were scored (fluorescing green under blue excitation light) and the ventricular cells of three bees per group were counted to determine the number with apoptotic nuclei and the proportion of cells undergoing apoptosis (No. of apoptotic cells x 100 / total No. of cells) as described previously [15] . Approximately 100 cells were examined in representative areas of each ventricular sample (10 areas per sample, approximately 1,000 cells per ventriculum and bee).
Results
The success of Nosema infection (checked in the bee ampoules) was reflected by the detection of spores in each group. Consequently, all the bees were successfully infected by either N. ceranae or N. apis, while no cross-infection between groups was detected and there was no infection in the uninfected groups. However, one sample from the group A and another bee from the group CH showed a very low level of infection (Ct value > 36 in Nosema infection analysis; see above) and they were not considered for the gene expression analysis.
In none of the samples were CBPV, ABPV, KBV, IAPV or DWV detected. Yet, as all the groups tested positive for BQCV, an additional analysis was carried out to determine the presence of the virus in individual bees. Since more than the 80% of the bees were positive for BQCV in all the groups, viral infection was not considered a significant factor and was not included in the subsequent analyses.
Gene expression
The list of genes selected for study, and the primers and probes used are shown in S3 Table. All the primer pairs tested produced positive amplification with the exception of Cyclin H and BRUCE, thus these genes were not tested further.
Selection of reference HK genes. The ranking of the four candidate reference genes in the honey bee ventriculi according to their average expression stability (M value) was: β-Actin (0.060) <EF (0.066) <GAPDH (0.067) <18S (0.097), from the most stable (lowest M-value) to the least stable (highest M value). All the values were very low and they were much lower than the threshold limit of 1.5 recommended by GeNorm software, reflecting very stable expression. The pairwise variation (V) between the two or three normalization factors was 0 [22] , indicating that the use of β-Actin and EF as HK were enough to perform all the subsequent analysis.
Apoptosis related genes. The expression of genes related to apoptosis (Fig 1) was analyzed in the honey bees infected either N. apis (AH; Fig 1A) or N. ceranae (CH, Fig 1B) and it was compared with that in the uninfected control group (TH), all of them treated with cycloheximide. The results showed the up-regulation of Buffy and BIRC5 in both the AH and CH groups for the (P<0.05; Table 2 ) and the down-regulation of IAPASSO and TNF3 in the AH group alone, that was close to the level of significance (P = 0.055 and P = 0.057, respectively). Finally, the E2F and Dacapo genes were up-regulated in the AH group (P<0.05).
Cell cycle, mitochondrial activity and hormone related genes. The expression of the genes related to the cell cycle, mitochondrial activity and hormones (Fig 2) was studied in groups A (N. apis infected bees; Fig 2A) and C (N. ceranae infected bees, Fig 2B) and they were compared with those in group T (uninfected bees). Only Cyclin B1 was up-regulated in group A (P<0.05; Table 2 ) while in the case of group C, one gene related to mitochondrial activity (L16) was up-regulated (P<0.05; Table 2 ) and another one (CYTOX) was very close to the level of significance for up-regulation (Fig 3A and 3B ). Regarding cell cycle related genes (Fig 2) , RING was down-regulated in group C while Cyclin E was up-regulated (both P<0.05; Table 2 ). No significant changes in the expression of VG or JH (Fig 3C and 3D) were observed in any of microsporidia infected bees, although it is important to note the up-regulation for VG close to the level of significance in group C. 
Histology (TUNEL assay)
Our study showed that cycloheximide induced apoptosis in bees (Table 3 ; Fig 4) with the control bees (TH) showing a high level of cell death (69, 95% ± 14.35). Apoptosis appeared to be reduced in the microsporidia infected tissues although this was no significant (ANOVA, F = 1.109; P>0.05). This reduction in apoptosis was higher in N. apis infected ventriculi (27.86% reduction) than in the N. ceranae infected ventriculi (13.82% reduction). Apoptotic TUNEL positive cells (green stained) were detected along the epithelium in the ventriculi ( Fig 4A, 4B and 4C ). The amount of positive apoptotic cells were higher in the positive controls (TH, uninfected bees treated with cycloheximide; Fig 4A) , compared to ventriculi of basal controls (uninfected, no cycloheximide treated bees, Fig 4D) . Ventriculi from infected bees either infected by N. apis (Fig 4B) or N. ceranae (Fig 4C) showed a lower amount of TUNEL positive cells compared to ventriculi from TH group bees (Fig 4A) .
Discussion
The natural response of an infected cell is to undergo apoptosis in order to prevent the multiplication and dissemination of the invader. Conversely, the invader must find ways to evade this to be able to reproduce [6] . In this work, microsporidia have been shown to successfully manipulate the host cell's metabolism to progress along the parasite's life cycle, not only modifying the expression of apoptotic genes but also other important routes implicated in the host's cell cycle. These responses seem to offer an important advantage, because similar conclusions have been reported for many intracellular parasites [3] [4] [5] [6] [7] 14] .
To investigate the expression of some genes related to apoptosis, a potent intrinsic inducer of apoptosis was used (cycloheximide, a protein synthesis inhibitor that halts translational elongation [27] ). Studies of the apoptotic index derived when using the TUNEL assay and caspase-3 staining suggested that N. ceranae could prevent the epithelial cells of infected honey bee tissue (ventriculi) from undergoing apoptosis [15] . For that reason, in this work a high level of apoptosis was induced in a group of bees in order to determine if N. ceranae or N. apis infection blocked the effect of this strong apoptosis inducer. The tissue of uninfected-bees treated with cycloheximide exhibited more apoptosis than that infected by microsporidia, with a clear reduction in the apoptotic index evident in TUNEL assays. Indeed, this is the first study to confirm this effect in N. apis infected tissues. As such, microsporidia infection clearly inhibits cycloheximide-induced apoptosis (intrinsic route) as described in Leishmania donovani infected macrophages [28] .
This inhibition of apoptosis is consistent with the observed modifications in the expression of the apoptosis related genes studied. Infection with both microsporidia species up-regulates buffy and BIRC5, two genes with important function in programmed cell death (Fig 5) . The BIRC5 (baculoviral IAP repeat-containing 5; also called Survivin) is a member of the inhibitor of apoptosis (IAP) family and it encodes a protein that inhibits caspase activation, thereby negatively regulating apoptosis [29] [30] [31] . On the other hand, buffy was identified in Drosophila melanogaster and it encodes a Bcl-2-like pro-survival protein [32] . The Bcl-2 (B cell lymphoma-2) protein family plays a central role in the intrinsic apoptotic pathway, controlling the integrity of the outer mitochondrial membrane. Consequently, in honey bees the up-regulation of BIRC5 and buffy is associated with a reduction in the number of cells that finally enter apoptosis in the infected tissues. These results agree with a previous work where inhibitors of apoptosis proteins were seen to be up-regulated after N. ceranae infection in sensitive bees while caspase 10 gene expression was not modified [16] . Consequently, IAP family seems to play a key role in the inhibition of these processes. Additionally, this is the first report of such changes in N. apis infected bees, confirming that the inhibition of apoptosis is a common response of the host to the benefit of this group of intracellular parasitic fungi.
We also note that IAPASSO (viral IAP-associated factor; VIAF) and TNF3 (Tumor Necrosis Factor receptor-associated factor 3 interacting protein 1) displayed a tendency towards downregulation (P = 0.055 and p = 0.057, respectively) in N. apis infected bees. IAPASSO is a conserved inhibitor of apoptosis interacting factor that modulates caspase activation during apoptosis [33] and TNF3 is a member of the TNF superfamily proteins involved in complex pathways that regulate cellular survival, proliferation, differentiation and apoptosis [34, 35] .
Consequently, the tendency to down-regulate both these genes in conjunction with buffy and BIRC5 overexpression fits into the theory that apoptosis is inhibited by the microsporidium N. apis.
Regarding the cell cycle, it has been suggested that the G1 phase is vital to decide if a cell will go on to differentiate, multiply, apoptose or become quiescent or senescent [36] . A balance between cell proliferation and apoptosis is essential for the development of the multicellular organism [32] . In our study, a modification of cell cycle related genes was observed in an epithelium (bee ventriculi) considered to be non-replicative beyond its basal germinative layer.
Curiously, while both microsporidia inhibit apoptosis through the same pathways (Buffy and BIRC5), the modifications to cell cycle related genes differ. However, both Nosema species caused the up-regulation of some cyclins in the infected cells: over expression of cyclin B1 (cycB1) by N. apis and cyclin E (cycE) by N. ceranae (Fig 5) .
N. apis infected tissues also over expressed dacapo and E2F2, both of them closely related with the progression of the G1-S phase. Dacapo is a cyclin dependent kinase inhibitor that coordinates the rates of G1-S and G2-M progression, maintaining normal rates of proliferation when cell cycle controls are perturbed [37] . Also, E2F2 (E2F Transcription Factor 2) is a transcription factor maximally expressed late in G1 that plays a pivotal role in G1/S transition [38, 39] . Over expression of both these genes suggest that the infected cells undergo the G1-S phase progression. However, the up-regulation of cyclin B1 (G2/Mitotic-specific Cyclin-B1) was initially unexpected since it codes for a regulatory protein involved in mitosis and it contributes to all or none switch-like behavior of the cell in deciding to commit to mitosis. E2F2 was overexpressed in rabbit corneal endothelial cells (arrested in G1-phase) and it coexisted with high levels of cyclin B1 [40] and there was strong evidence of progression from the G1-phase arrested state to at least the G2-phase in these tissues. Our data suggest a progression from G1 to S phase is being promoted in N. apis infected tissues (Fig 5) .
In N. ceranae infected bees, significant changes were observed in the expression of cyclin E (CycE) and RING (RING-finger protein 19 or Dorfin). A previous study of the transcriptome of A. mellifera infected by N. ceranae identified mRNA for a number of cyclins (as cyclin E) and other proteins closely related to cell cycle [41] although no data on expression were available. Our results show an up-regulation of CycE, which appears to be the most important cyclin for the G1 to S transition [42, 43] . Consequently, and as in N. apis infection, G1-S phase progression is apparently being stimulated in N. ceranae infected cells, albeit through this different pathway.
Additionally, down regulation of the RING gene (RING-finger protein 19 or Dorfin) was observed after N. ceranae infection. This gene codes for the E3 ubiquitin-protein ligase RNF19A which in Caenorhabditis elegans has been described as one of the three core components of a complex that target toxins and intracellular pathogen proteins for degradation [44] . In general these RING finger E3 proteins can influence the balance between proliferation and apoptosis. In response to apoptotic stimuli the E3 activity of IAPs leads to their auto-ubiquitination, degradation, and progression toward cell death [45] . Ubiquitin pathways have been described as a specific mechanism of host defence against microsporidia infection [44] . Although RING was studied in bees from Group C here (cell cycle assay) its down-regulation provides more information about apoptosis and corroborates the results obtained in group CH (treated with cycloheximide). In fact, these data suggest another pathway to inhibit apoptosis that may be activated by N. ceranae infection.
Microsporidia are obligate intracellular parasites with extremely reduced genomes and a dependence on host-derived ATP. Honey bee cells infected with N. ceranae were enlarged and the cytoplasm contained a larger number of host mitochondria and free ribosomes. Several mitochondria were close to and surrounded the plasmalemma of meronts [18] , similar to sporulating Buxtehucdea scaniae [46] , suggesting a energy supply external to the parasite. For this reason, the regulation of five host mitochondrial related genes was also included in this study. However only one of them (MRP L16) was seen to be up-regulated and only in N. ceranae infected bees (Fig 5) . MRP L16 is a nuclear gene that encodes for the mitochondrial ribosomal protein L16. This polypeptide plays an important role in the assembly and structure of the peptidyl transferase centre of the ribosome, and it is crucial for the correct behavior of mito-ribosomes in yeast [47] . MRP over expression depends mainly on glucose repression and de-repression, which decreases or elevates MRP mRNA and protein levels, respectively [40] . It is important to note that N. ceranae infection has been reported to produce a nutritional and energetic stress in bees that leads to a major ingestion of food that is rich in glucose [48] [49] [50] . On the other hand, the stable accumulation of L16 depends on the presence of mitochondrial rRNA [47] , so changes in the integrity of mitochondrial activity directly affect the levels of this protein too. The related genes studied in this work, CYTOX, TU-MITO, S12 and LSU, suggest normal mitochondrial activity that would allow the accumulation of L16 protein inside this organelle. In fact, the expression of Cytochrome C oxidase subunit VI gene is remarkable high, at levels that are almost significant(p = 0.059), which would fit into the theory of the mitochondria overworking during N. ceranae infection. Mitochondrial protein modulation by intracellular parasites has been reported previously in Toxoplasma gondii infection [1] . The direct or indirect perturbation of mitochondria dynamics may play a crucial role in the sustained viability of host cells preserving the pathogen's replication niche or alternatively triggering the apoptotic process to circumvent immune effector cells. It will be crucial to identify the host's molecular mechanisms and the pathogenic factors involved in such control [7] . Finally, no significant results were observed in terms of mitochondrial activity in bees infected by N. apis. This again indicates that both microsporidia affect the same host in a different manner.
Finally, the expression of vitellogenin and juvenile hormone were also assessed here. These molecules have been related to the bees' immune response and to other physiological activities such as in behavioural development [51, 52] , and some modifications to their expression were previously reported in bees infected by Nosema spp. [53] [54] [55] . However, no significant modification was detected here for either hormone, probably because the effects of infection were only studied in the target tissue (ventricular cells) and the hormone secreting organs were not assessed.
In multicellular organisms, cell proliferation and death must be regulated to maintain tissue homeostasis. Many observations suggest that this regulation may be at least partially achieved by coupling the process of cell cycle progression and programmed cell death through a set of common factors. Evidence is accumulating that manipulation of the cell cycle may either prevent or induce an apoptotic response arguing in favor of a link between the cell cycle and apoptosis [56] . For bee microsporidia, this is the first report describing molecular pathways related to parasite-host interactions that probably serve to promote their own survival within the cell. New routes of apoptosis involving Buffy and BIRC5 were seen to be modified by both microsporidia, while the effects of the microsporidia on the expression of genes related with the cell cycle indicate that both Nosema species apparently promote the G1/S phase through different pathways (cyclin B1/ dacapo/ E2F2 by N. apis, cyclin E byN. ceranae). Lastly, the changes to mitochondrial markers appear to further support a distinct response to the two Nosema species studied as only N. ceranae infection leads to higher mitochondrial activity. All these evidences demonstrate the strong interaction between the host cells and this group of parasites. These results increase further our knowledge on the specific pathways that these microsporidia uses to survive and multiply in the host, shedding light on the pathogenic mechanism of A. mellifera microsporidia, and hence on the relationship between these insects and their intracellular parasites. Table. List of primers and probes designed for A. mellifera. Sequences designed for RealTime PCR to study the cell cycle, mitochondrial activity, apoptosis, hormone activity and housekeeping genes. All of them were designed in this study except 18S and EF that have been published previously. (DOCX)
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